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(57) ABSTRACT

Embodiments of the invention provide an apparatus,
method, and program product to control a lamp system. The
apparatus comprises a plasma lamp bulb (20) and a micro-
wave generator (12) operable to generate a microwave
energy field to excite the plasma lamp bulb (20) to emat
ultraviolet light (24). The apparatus further comprises a
sensor (70) to measure the intensity of the ultraviolet light

(24) and a reflector (42) positioned between the plasma lamp
bulb (20) and the sensor (70) The retlector (42) 1s operable

to retlect at least a portion of the ultraviolet light (24)
generated by the plasma lamp bulb (20). The method com-

prises recerving a target intensity for the ultraviolet light (24)
and measuring an intensity of the ultraviolet light (24) using
a sensor (70). The method further comprises comparing the
target intensity to the measured mtensity and, in response to
the comparison, adjusting power to a microwave generator
(12) to adjust the intensity of the ultraviolet light (24).

23 Claims, 6 Drawing Sheets
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ULTRAVIOLET LAMP SYSTEM AND
METHOD FOR CONTROLLING EMITTED
ULTRAVIOLET LIGHT

FIELD OF THE INVENTION

The present invention relates generally to ultraviolet lamp
systems and, more particularly, to regulation of microwave-
excited ultraviolet lamp systems.

BACKGROUND OF THE INVENTION

Ultraviolet (UV) lamp systems are commonly used for
heating and curing materials such as adhesives, sealants,
inks, and coatings. Certain UV lamp systems have elec-
trodeless light sources and operate by exciting an electrode-
less plasma lamp with microwave energy. In an electrodeless
UV lamp system that relies upon excitation with microwave
energy, the electrodeless plasma lamp 1s mounted within a
metallic microwave cavity or chamber. One or more micro-
wave generators, such as magnetrons, are coupled via wave-
guides with the interior of the microwave chamber. The
magnetrons supply microwave energy to iitiate and sustain
a plasma from a gas mixture enclosed 1n the plasma lamp.
The plasma emits a characteristic spectrum of electromag-
netic radiation strongly weighted with spectral lines or
photons having UV and mirared wavelengths.

To 1rradiate a substrate, the UV light 1s directed from the
microwave chamber through a chamber outlet to an external
location. The chamber outlet 1s capable of blocking emission
of microwave energy while allowing UV light to be trans-
mitted outside the microwave chamber. A fine-meshed metal
screen often covers the chamber outlet of many conventional
UV lamp systems. The openings 1n the metal screen transmit
the UV light for 1rradiating a substrate positioned outside the
RF chamber; yet substantially block the emission of micro-
wave energy. In some conventional UV lamp systems, a
shutter also covers the chamber outlet and 1s selectively
operable to expose the substrate to the UV light.

Some applications of the UV lamp systems require very
precise intensities of UV light. These applications are sen-
sitive to changes 1n the UV light intensity, requiring the light
intensity to be substantially constant. Providing a substan-
tially constant UV light intensity presents some challenges.
Conventional methods of measuring UV light intensity
utilize UV 1ntensity sensors that are placed below the light
source. These sensors measure the UV light intensity of the
light source once and cannot indicate the UV light intensity
from successive applications without interrupting the use of
that light source. Moreover, such sensors are often prone to
solarization due to the constant exposure to high intensity
UV light, rendering them inoperable. Still further, such
methods are typically performed by the lamp system cus-
tomer or the lamp system vendor during setup and/or
maintenance, which are disruptive to the use of the UV lamp
systems. Such methods also require significant time by the
customer to configure future UV intensities that can be used
tor their applications that will “degrade gracetully” as those
UV lamp systems decrease in their intensity.

Operators of the UV lamp systems therefore often use
preventative maintenance and bulb replacement schedules in
an attempt to ensure a high level of process control, as
automated performance detection and control systems that
take 1nto account UV light intensity are not available. But
these maintenance schedules also significantly interrupt the
use of the UV lamp system, because any processing of
substrates 1s halted to perform any maintenance or testing.
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Moreover, these maintenance schedules generally fail to
take into account and adjust for degradation and/or contami-
nation of the UV lamp system between various applications
and/or substrates. This 1s often a problem for applications
that require a high degree of consistency.

SUMMARY OF TH.

INVENTION

(L]

Embodiments of the present invention address these and
other problems associated with the prior art by providing an
apparatus to generate ultraviolet light, a method of control-
ling a lamp system that produces ultraviolet light, and a
program product. The apparatus comprises a plasma lamp
bulb, a microwave generator operable to generate a micro-
wave energy lield to excite the plasma lamp bulb to emait
ultraviolet light, and a sensor configured to measure the
intensity of the ultraviolet light and a reflector positioned
between the plasma lamp bulb and the sensor. The reflector
1s operable to reflect at least a portion of the ultraviolet light
generated by the plasma light bulb.

In alternative embodiments, the method 1s for controlling
a lamp system that produces ultraviolet light. The method
comprises receiving a target intensity for the ultraviolet light
and measuring an intensity of the ultraviolet light using a
sensor. The method further comprises comparing the target
intensity to the measured intensity and, in response to the
comparison, adjusting power to a microwave generator to
adjust the intensity of the ultraviolet light.

In further alternative embodiments, the program product
comprises program code configured to, when executed by a
processing unit, program code configured to, when executed
by a processing unit, receive a target intensity for the
ultraviolet light, measure an intensity of the ultraviolet light
using a sensor, compare the target intensity to the measured
intensity, and adjust power to a microwave generator to
adjust the intensity of the ultraviolet light 1n response to the
comparison. The program product further comprises a com-
puter recordable medium bearing the program code.

These and other advantages will be apparent in light of the
following figures and detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated 1n
and constitute a part of this specification, 1llustrate embodi-
ments ol the invention and, together with a general descrip-
tion of the invention given above and the detailed descrip-
tion of the embodiments given below, serve to explain the
principles of the invention.

FIG. 1 1s a perspective view ol a microwave excited
ultraviolet (UV) lamp system consistent with an embodi-
ment of the invention;

FIG. 2 1s a cross-sectional view of the UV lamp system of
FIG. 1 taken along line 2-2 of FIG. 1;

FIG. 3 1s a top plan view of a retlector for use 1n the UV
lamp system of FIG. 1;

FIG. 4A 15 a cross-sectional view taken along line 4A-4A
of FIG. 3 illustrating first locations for a plurality of UV
intensity sensors;

FIG. 4B 1s a cross-sectional view taken along line 4B-4B
of FIG. 3 illustrating second locations for the UV intensity
SEeNSOrs;

FIG. 4C 1s an enlarged view of a portion of FIG. 4B 1n
accordance with an alternative embodiment of the invention
in which the mner side of the reflector includes a dichroic
coating;
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FIG. 4D 1s an enlarged view similar to FIG. 4C in
accordance with an alternative embodiment of the invention

in which the reflector includes a dichroic coating with a
reduced thickness at a location coinciding with a field of
view of one of the UV intensity sensors;

FIG. 4E 1s an enlarged view similar to FIGS. 4C and 4D
in accordance with an alternative embodiment of the inven-
tion in which the reflector includes a dichroic coating that 1s
absent at a location coinciding with a field of view of one of
the UV intensity sensors;

FIG. 5 1s a block diagram illustrating a power control
circuit for the UV lamp system of FIG. 1;

FIG. 6 1s a flowchart illustrating a sequence of operations
for the power control circuit of FIG. 5 to capture the
intensity of UV light from a plasma lamp bulb of the light
source of FIG. 1; and

FI1G. 7 1s a flowchart illustrating a sequence of operations
for the power control circuit of FIG. 5 to adjust the power
to a magnetron of the light source of FIG. 1.

It should be understood that the appended drawings are
not necessarily to scale, presenting a somewhat simplified
representation of various features illustrative of the basic
principles of embodiments of the mvention. The specific
design features of embodiments of the invention as disclosed
herein, including, for example, specific dimensions, orien-
tations, locations, and shapes of various 1llustrated compo-
nents, as well as specific sequences ol operations (e.g.,
including concurrent and/or sequential operations), will be
determined in part by the particular intended application and
use environment. Certain features of the illustrated embodi-
ments may have been enlarged or distorted relative to others
to facilitate visualization and clear understanding.

DETAILED DESCRIPTION

In general, there are variations 1n the power output of
magnetrons used in ultraviolet (UV) lamp systems, contami-
nation that occurs on the UV bulb or reflector of UV lamp
systems, and degradation of components of the UV lamp
system. Thus, there are often vanations 1n the UV radiation
or light produced due to those factors. These variations, 1n
turn, directly correlate to variations 1n the UV light intensity
from the UV lamp system. This creates difliculties for some
applications that are sensitive to changes 1n the intensity of
UV light, and in particular critical processes that tend to
require consistent UV light intensity.

Turning now to the drawings, wherein like numbers
denote like parts throughout the several views, FIG. 1 shows
a microwave excited UV lamp system or light source 10 is
shown consistent with embodiments of the mnvention. Light
source 10 includes a pair of microwave generators, 1llus-
trated as a pair of magnetrons 12, that are each coupled to
a longitudinally extending microwave chamber 14 through a
respective waveguide 16. Each waveguide 16 has an outlet
port 18 coupled to an upper end of the microwave chamber
14 so that microwaves generated by the pair of microwave
generators 12 are coupled to the microwave chamber 14 1n
spaced longitudinal relationship adjacent opposite upper
ends of the chamber 14.

An electrodeless plasma lamp, in the form of a sealed,
longitudinally extending plasma lamp bulb 20, 1s mounted
within the microwave chamber 14 and supported adjacent
the upper end of the chamber 14 as 1s well known 1n the art.
While not shown, 1t will be appreciated that light source 10
1s mounted within a cabinet or housing well known to those
of ordinary skill 1n the art that includes a source of pressur-
ized air that 1s operable to direct air into the microwave
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chamber 14, represented diagrammatically by arrows 22 1n
FIG. 2, to cool the plasma lamp bulb 20.

Light source 10 1s designed and constructed to emit UV
light or light, 1llustrated diagrammatically by arrows 24 1n
FIG. 2, from a bottom end of the microwave chamber 14
upon sullicient excitation of the plasma lamp bulb 20 by
microwave energy coupled to the microwave chamber 14
from the pair of microwave generators 12. While a pair of
magnetrons 12 are illustrated and described herein, it 1s to be
understood that the light source 10 may include only a single
magnetron 12 to excite the plasma lamp bulb 20 without
departing from embodiments of the invention.

Light source 10 includes a starter bulb 26, and a pair of
transformers 28 that are each electrically coupled to a
respective one of the magnetrons 12 to energize filaments of
the magnetrons 12 as understood by those skilled 1n the art.
The magnetrons 12 are mounted to inlet ports 30 of the
waveguides 16 so that microwaves generated by the mag-
netrons 12 are discharged into the chamber 14 through the
longitudinally spaced apart outlet ports 18 of the waveguides
16. Preferably, the frequencies of the two magnetrons 12 are
split or oflset by a small amount to prevent intercoupling
between them during operation of the light source 10. In
specific embodiments, a first magnetron 12 may produce a
signal of about 2.4 GHz, while a second magnetron 12
produces a signal that has a difference up to about 20 MHz
from the first magnetron 12.

As best understood with reference to FIGS. 1 and 2,
microwave chamber 14 includes a generally horizontal top
wall 32, a pair of generally vertical opposite end walls 34,
and a pair of generally vertical opposite side walls 36 that
extend longitudinally between the end walls 34 and on
opposite sides of the plasma lamp bulb 20. Microwave
chamber 14 further includes inclined walls 38 that extend
upwardly and inwardly from the side walls 36 toward the top
wall 32. A pair of openings 40 1s provided at an upper end
of the microwave chamber 14 that are aligned with and
coupled to the outlet ports 18 of the waveguides 16. In this
way, microwave energy generated by the pair ol magnetrons
12 1s coupled to the microwave chamber 14 to excite the
plasma lamp bulb 20 with suflicient energy to emit UV light
24. Of course, other configurations of the microwave cham-
ber 14 are possible without departing from embodiments of
the 1nvention.

Consistent with embodiments of the invention, a longi-
tudinally extending reflector 42 1s mounted within the
microwave chamber 14 for reflecting the UV light 24
emitted from the plasma lamp bulb 20 toward a substrate
(not shown) from the bottom end of the microwave chamber
14. Retlector 42 preferably has an elliptical configuration 1n
transverse cross-section, although parabolic or other cross-
sectional configurations are possible without departing from
the spirit and scope of the present invention. A mesh screen
44 1s mounted to the bottom end of the microwave chamber
14 that 1s transparent to the emitted UV light 24 while
remaining opaque to the microwaves generated by the pair
ol magnetrons 12.

In some embodiments, the reflector 42 1s made of coated
glass. For example, one side 42a of the reflector 42 (e.g., the
plasma lamp bulb side) includes a dichroic coating 45 as best
shown 1n FIG. 4C while the other side of the retlector 42
may be sandblasted to provide surface roughening at a scale
not visible in FIG. 4C. The dichroic coating 45 may be
comprised of layers of a refractory dioxide. Thus, the
reflector 42 1s substantially transparent to the microwave
energy generated by the pair of magnetrons 12 but substan-
tially opaque to, and substantially reflective of, the UV light
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24 emitted by the plasma lamp bulb 20. At least some UV
light 24, however, 1s capable of penetrating at least some
portion of the reflector 42. For example, dichroic coating 45
may not completely block the UV light 24 or at least one
discrete area 456 (FI1G. 4E) of the reflector 42 may omit the
dichroic coating 45 by not being coated. Alternatively, at
least one opeming 47 (FIG. 4B) may be configured 1n the
reflector 42.

In any event, the intensity of the UV light 24 transmitted
through the retlector 42, transmaitted through the opening 47
(FIG. 4B) extending through a thickness of the retlector 42,
transmitted through the dichroic coating 45 (FI1G. 4C) on the
reflector 42, transmitted through a discrete area 45a (FIG.
4D) of the reflector 42 with a thinner portion of dichroic
coating 45 than other portions of the reflector 42, or trans-
mitted through a discrete area 4556 (FI1G. 4E) of the reflector
42 with the dichroic coating 45 removed, may be measured
by at least one UV 1ntensity sensor 70 (as 1llustrated 1n FIG.
2, UV intensity sensors 70a and 705).

A shutter 72 may be positioned in front of the sensing
portion of each UV intensity sensor 70 and configured to
completely block the UV intensity sensor 70 from exposure
to the UV light 24 when the shutter 72 1s closed, such as
when the sensor 1s not measuring the intensity of the UV
light 24 (as illustrated in FIG. 2, shutters 72aq and 7256). The
closed shutter 72 intervenes to obstruct the field of view for
the sensor 70 to the UV light 24 emitted from the plasma
lamp bulb 20. Utilizing the shutter 72 to selectively expose
the sensing portion of the UV intensity sensor 70 increases
the life span and decreases solarization of the UV intensity
sensor 70. Moreover, 1t 1s also believed that the attenuation
of the UV light 24 from the plasma lamp bulb 20 by the
reflector 42 also increases the life span and decreases the
solarization of the UV intensity sensor 70. Each UV inten-
sity sensor 70 may be a UV intensity sensor as distributed by
EIT®, Inc., of Sterling, Va., while each shutter 72 may be a
rotary shutter or an 1ris shutter, both of which are known in
the art.

In alternative embodiments, the reflector 42 may be made
of another material having suitable reflective, refractive,
and/or thermal properties, such as polished aluminum,
which 1s also substantially transparent to the microwave
energy generated by a magnetron 12 but substantially
opaque to, and substantially reflective of, the UV light 24
emitted by the plasma lamp bulb 20. In those embodiments,
the at least one UV intensity sensor 70 may measure the
intensity of the UV light 24 emitted by the plasma lamp bulb
20 through at least one respective opening 47 extending
through the thickness of the reflector 42.

Although not 1llustrated, a person having ordinary skill in
the art will appreciate that the light source 10 may be
coupled with an actuatable shutter assembly (not shown) to
ensure that as little UV light 24 escapes from the microwave
chamber 14 as possible when that actuatable shutter assem-
bly 1s closed. Such a shutter assembly 1s disclosed 1n U.S.
Pat. No. 6,933,683 entitled “Microwave Powered Lamphead
Having External Shutter,” the disclosure of which 1s incor-
porated by reference herein 1n 1ts entirety.

Consistent with embodiments of the invention, as shown
in FIGS. 2, 3, and 4A-4B, the reflector 42 includes a pair of
longitudinally extending reflector panels 46 that are
mounted 1n opposing, 1.¢., mirror facing relationship within
the microwave chamber 14 and in spaced relationship to the
plasma lamp bulb 20. The pair of retlector panels 46 are
mounted within the microwave chamber 14 through a pair of
longitudinally spaced apart retainers 48 (FIG. 2), and each
reflector panel 46 has its lower end supported on a generally
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horizontal, mmwardly directed flange 30 that extends
inwardly from the each chamber side wall 36. In accordance
with one aspect of the present ivention, a longitudinally
extending intermediate member 52 1s mounted within the
microwave chamber 14 through a pair of slots 34 (FIG. 2)
formed in the retainers 48. As shown in FIGS. 2, 3, and
4A-4B, the mtermediate member 52 1s mounted 1n spaced
relationship to the reflector panels 46, and also in spaced
relationship to the plasma lamp bulb 20. The intermediate
member 52 may be made of glass, such as PYREX®, and
may be uncoated to be non-retlective of the UV light 24
emitted by the plasma lamp bulb 20. Alternatively, the
intermediate member 52 may be made of materials similar
to those utilized to make the reflector panels 46 (e.g., as
discussed above, coated glass, polished aluminum, or some
other suitable material).

Further referring to FIGS. 2, 3, and 4A-4B, each of the
reflector panels 46 includes a longitudinally extending edge
56 that 1s generally parallel to a longitudinal axis of the
respective reflector panel 46. The intermediate member 52
includes a pair of longitudinally extending opposite edges 58
that are each generally parallel to a longitudinal axis of the
intermediate member 52. Each of the reflector panel edges
56 and intermediate member edges 38 preferably has a
vertical face 60 and 62, respectively, that 1s generally
parallel to the longitudinal axis of the plasma lamp bulb 20.

When the pair of reflector panels 46 and the intermediate
member 52 are mounted in combination within the micro-
wave chamber 14 to form the reflector 42, a pair of spaced,
longitudinally extending slots 64 are formed between the
edges 56 of the reflector panels 46 and the edges 38 of the
intermediate member 52. Consistent with embodiments of
the mvention, the pair of spaced, longitudinally extending
slots 64 are operable to pass air, represented by arrows 22 1n
FIG. 2, from a pressurized air source (not shown) toward the
plasma lamp bulb 20. The slots 64 are preferably aligned
generally parallel with and oflset from the longitudinal axis
of the plasma lamp bulb 20 so that the air 22 envelops the
plasma lamp bulb 20 effectively entirely about its outer
surface to cool the bulb 20. The pair of slots 64 are oriented
so that the air passes along opposite longitudinal sides of the
plasma lamp bulb 20 and then merges generally in a region
beneath the bulb 20 that 1s remote form the pair of slots 64.

As shown 1n FIGS. 2, 3, and 4A-4B, the intermediate
member 52, while having a slight curvature transverse to its
longitudinal axis, 1s formed generally as rectangular strip of
material and has a generally rectangular transverse cross-
sectional configuration as shown 1n FIGS. 3, 4A, and 4B. In
accordance with alternative embodiments of the invention,
the mtermediate member 52 and/or the reflector panels 46
may have alternative shapes, such as those disclosed 1n U.S.
Pat. No. 6,696,801 entitled “Microwave Excited UV Lamp
System with Improved Lamp Cooling,” the disclosure of
which 1s mcorporated by reference herein in its entirety. In
accordance with further alternative embodiments of the
invention, the reflector 42 may not include an intermediate
member 52 and may instead simply include two reflector
panels 46 as would be appreciated by one having ordinary
skill 1 the art.

In some embodiments, and as shown 1n FIG. 4A, at least
one UV intensity sensor 70a and shutter 72a are configured
above one of the reflector panels 46 with the sensing portion
of the UV intensity sensor 70a oriented generally toward the
plasma lamp bulb 20. In particular, the shutter 72a may be
in contact with a surface 425 of 1ts respective reflector panel
46. The UV ntensity sensor 70a measures the intensity of
the UV light that 1s attenuated through the retlector panel 46.
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The measured UV light intensity may be analyzed to deter-
mine contamination on, and/or degradation of a portion of
the light source 10 (e.g., a magnetron 12, the plasma lamp
bulb 20, or the reflector 42). At least one additional UV
intensity sensor 706 and shutter 7256 are configured above
the intermediate member 52 with the sensing portion of the
UV intensity sensor 70b, again, oriented generally toward
the plasma lamp bulb 20. Again, the shutter 7256 may be in
contact with a surface of 1ts respective retlector panel 46. In
the embodiments in which the intermediate member 52 lacks
the dichroic coating 45, the UV intensity sensor 706 directly
measures the intensity of the UV light from the plasma lamp
bulb 20. Alternatively, and as shown in FIG. 4B, the at least
one additional UV intensity sensor 705 and shutter 726 may
be configured above a slot 64 and/or above an opening 47 in
a retlector panel 46 with the sensing portion of the UV
intensity sensor 705, again, oriented generally toward the
plasma lamp bulb 20. In any event, in those embodiments in
which the reflector 42 mcludes one side 425 that 1s sand-
blasted, the portions of that reflector 42, reflector panels 46,
and/or intermediate member 52 that are below or 1n contact
with a UV intensity sensor 70 and/or shutter 72 may be
configured as smooth (e.g., those portions are not sand-
blasted).

FIG. 5 shows a block diagram of the light source 10 with
an exemplary power control loop consistent with embodi-
ments of the imnvention. The power control loop circuitry 1s
designed to control the input power to at least one magnetron
12, which generally has a good correlation to the magnetron
output power and the intensity of UV light 24 output from
the plasma lamp bulb 20. An operator of the light source 10
selects a power setting 100 (which corresponds to a prede-
termined intensity for the UV light generated by the plasma
lamp bulb 20) 1s sent over a transmission path 102 to a
microcontroller 104. The microcontroller 104 may utilize a
look-up table to determine the power level for the at least
one magnetron 12 and sets a current level 1n order to achieve
the requested output power. The microcontroller 104 then
sends a set point current 106 to circuitry for a current
regulation loop 108. The current regulation loop 108
includes circuitry operable to provide a current feedback
control loop to regulate and provide a substantially constant
current output as known 1n the art.

The current regulation loop 108 utilizes a microcontroller
or other processing unit, which may include microcontroller
104 or a separate microcontroller specifically for current
regulation. The current regulation loop 108 sends the regu-
lated current to phase control circuitry 110, which sends a
variable AC signal 112 to at least one high voltage gener-
ating circuit 114. The at least one high voltage generating
circuit 114 sends at least one variable high voltage DC signal
over a transmission path 116 to the at least one magnetron
12 to produce the desired output, which excites the plasma
lamp bulb 20 and in turn generates UV light.

The microcontroller 104 1s configured to open or close the
shutters 72a and 72b via respective signal lines 1184 and
1185. In turn, the UV 1ntensity sensors 70a and 705 measure
the intensity of the UV light transmitted through the reflector
42 while the respective shutters 72a and 7256 are open and
provide respective signals corresponding to those measure-
ments to the microcontroller 104 as at 120q and 1205. In this
manner the microcontroller 104 controls the exposure of the
sensing portion of a UV 1ntensity sensor 70 to UV light from
the plasma lamp bulb 20. As discussed above, 1t 1s believed
that utilizing a shutter 72 to selectively expose the sensing,
portion of a UV intensity sensor 70 increases the life span,
and decreases solarization of, that UV tensity sensor 70.
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Specifically, each shutter 72 may be opened when the
microcontroller 104 1s operating to capture the UV light
intensity measured by a respective UV intensity sensor 70,
but closed otherwise. Each UV intensity sensor 70 1s thus not
constantly exposed to constant UV light, preventing wear
and decreasing solarization thereof.

FIG. 6 shows a flowchart 200 illustrating a sequence of
operations for the microcontroller 104 to capture the UV
light intensity measured by a UV intensity sensor 70 con-
sistent with embodiments of the invention. In particular, the
microcontroller 104 determines whether to capture a mea-
surement of the intensity of the UV light from the plasma
lamp bulb 20 (block 202). In any event, when the micro-
controller 104 determines not to capture a measurement of
the UV light intensity (*No branch of decision block 202)

the sequence of operations returns back to block 202.
However, when the microcontroller 104 determines to cap-
ture a measurement of the UV light intensity (“Yes” branch

ol decision block 202) the microcontroller opens the shutter
72 11 1nstalled (block 204), captures the UV light intensity

from the UV intensity sensor 70 (block 206), and then closes
the shutter 72 11 installed (block 208). In response to closing
the shutter 72, the sequence of operations may return to
block 202.

In specific embodiments, the microcontroller 104 1s con-
figured to open the shutter 72 and capture a measured
intensity of UV light for about one minute. After the
measured UV light intensity 1s captured, the shutter 72 1s
then closed for about one minute. Thus, the duty cycle for
the UV tensity sensor 70 1s about one minute out of about
every two minutes. Alternatively, the determination to cap-
ture a measurement 1s made once after the light source 10
has been started and had suflicient time to warm up. Thus,
the microcontroller 104 may determine whether the intensity
of UV light from the plasma lamp bulb 20 is suflicient every
time the light source i1s activated. In alternative embodi-
ments, the determination to capture a measurement 1s made
alter a predetermined interval of time, such as about every
thirty seconds, about every minute, about every thirty min-
utes, about every hour, or an alternative interval of time,
which the shutter remaining open long enough for the UV
intensity sensor 70 to measure the UV light intensity.

During operation, the microcontroller 104 determines
whether the measured UV light intensity corresponds to an
expected UV light intensity (e.g., an expected UV light
intensity that 1s based upon the user selected power setting
100) and adjusts the power to at least one magnetron 12, 1f
necessary. In particular, 1t determines the measured UV light
intensity with respect to the signals captured from one or
more of the UV intensity sensors 70a and 70b.

FIG. 7 shows a flowchart 210 illustrating a sequence of
operations for the microcontroller 104 to adjust the power to
at least one magnetron 12 consistent with embodiments of
the invention. The microcontroller 104 1mitially determines
whether the measured UV light intensity (e.g., the UV light
intensity captured from one or more UV intensity sensors
70a and 70b, or a combination thereot) corresponds to the
expected UV light intensity from the user selected power
setting 100 (block 212). More specifically, the microcon-
troller 104 may determine 1n block 212 whether the mea-
sured UV light itensity matches the expected UV light
intensity associated with the user selected power setting 100
or whether the measured UV light intensity 1s within a
specified range of expected UV light intensity associated
with the user selected power setting 100 from a look-up

table. When the measured UV light imtensity corresponds to
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an expected UV light intensity (*Yes” branch of decision
block 212) the sequence of operations returns to block 212.

When the measured UV light intensity does not corre-
spond to an expected UV light intensity (“No” branch of
decision block 212) the microcontroller determines whether
the measured UV light mtensity 1s below the expected UV
light intensity (block 214). For example, and not imtending
to be limiting, when the measured UV light intensity 1s
below the expected UV light intensity, this may indicate that
the at least one magnetron 12 has experienced degradation,
that the plasma lamp bulb 20 has experienced degradation,
that the plasma lamp bulb 20 and/or reflector 42 has been
contaminated, and/or that at least one other component of
the light source 10 has degraded or become contaminated.
Correspondingly, when the measured UV light intensity 1s
above the expected UV light intensity, this may indicate that
the at least one magnetron 12 has been adjusted or replaced,
that the plasma lamp bulb 20 has been replaced, that the
plasma lamp bulb 20 and/or reflector 42 have been cleaned,
and/or that at least one other component of the light source
10 has been adjusted or replaced. Thus, when the measured
UV light intensity 1s below the expected UV light intensity
(“Yes” branch of decision block 214) the microcontroller
104 may utilize a look-up table to determine an increase to
the power level for the at least one magnetron 12 to cause the
plasma lamp bulb 20 to output the expected UV light
intensity (block 216). Correspondmgly, when the when the
measured UV light intensity 1s above the expected UV hght
intensity (“No” branch of decision block 214), the micro-
controller 104 may utilize a look-up table to determine a
decrease to the power level for the at least one magnetron 12
to cause the plasma lamp bulb 20 to output the expected UV
light intensity (block 218).

After determining an increase or decrease to the power
level for at least one magnetron 12 (blocks 216 or 218), the
microcontroller may determine whether the determined
power level for the at least one magnetron can be maintained
within operational parameters of the light source 10 (block
220). Specifically, the determined power level may be higher
than the power levels capable of being generated with the
high voltage generating circuits 114. Thus, when a power
level cannot be maintained within operational parameters of
the light source 10 (“No” branch of decision block 220), an
alarm 1s generated and/or the operation of the light source 1s
halted (block 222). However, when a power level can be
maintained within operational parameters of the light source
10 (*Yes” branch of decision block 220), the power to the at
least one magnetron 12 1s adjusted to the determined power
level (block 224) and the sequence of operations returns to
block 212.

In some embodiments, a baseline for the intensity of the
UV light generated by the light source 10 1s determined
during a calibration. In the calibration, the microcontroller
104 may determine the UV light intensity measured by each
UV intensity sensor 70 when various levels of power are
provided to the at least one magnetron 12. The microcon-
troller 104 may then utilize that as a basis for the determi-
nation of the UV light intensities output by the plasma lamp
bulb 20 at the various power levels. As portions of the light
source 10 degrade and/or are contaminated, the microcon-
troller 104 1s configured to adapt the actual power levels to
the at least one magnetrons 12 to maintain the user selected
UV light intensity levels based upon that baseline. The
microcontroller 104 may also store historical information
regarding the UV light intensity and output that information
via an mput/output connection, such as a network, USB, or
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other digital data connection. The microcontroller 104 may
also be configured to communicate with, and output histori-
cal information to, a printer.

In some embodiments, the microcontroller 104 1s also
configured to indicate the user selected intensity of the UV
light and/or the measured intensity of the UV light from the
plasma lamp bulb 20 on a display 105. The display 105 may
include a segmented LED display, LCD display, or other
display as 1s known 1n the art. The microcontroller 104 may
display the user-selected intensity or measured intensity as
a percentage (e.g., “90%) or in a bar graph form (e.g., a bar
graph showing that 90% of available space for the bar graph
1s covered).

In addition to displaying the user selected intensity or
measured intensity of the UV light, the microcontroller 104
may be configured to determine and display an indication of
the contamination on the plasma lamp bulb 20 and/or
reflector 42. As previously discussed, one UV intensity
sensor 70a may be configured to measure the UV light that
1s transmitted through the reflector 42 while another UV
intensity sensor 7056 may be configured to measure the UV
light directly from the plasma lamp bulb 20 (e.g., through an
intermediate member 52 or retlector 42 that lacks a dichroic
coating, through a slot 64, or through an opening 47 1n the
reflector 42). By comparing these two measurements, the
microcontroller 104 may be able to determine a difference
caused by contamination of the plasma lamp bulb 20 and/or
the retlector 42 then indicate that difference on the display.

Thus, embodiments of the invention provide instanta-
neous intensity feedback of microwave powered UV bulbs
within a light source to allow for closed loop control to
compensate for degradation of a portion of the light source
(e.g., the UV bulb, the reflector, and/or a magnetron pro-
viding microwave power to the UV bulb, among others) as
well as contamination of the UV bulb or retlector. This
provides consistent UV output over a period of time without
sacrificing component life. Moreover, the on/ofl duty cycle
of the opening and closing of a shutter positioned between
the UV bulb and a UV ntensity sensor provides increased
optical protection as well as limits exposure of the UV
intensity sensor for longer component life. Embodiments of
the invention also provide an “at a glance™ indication of the
actual output of the UV bulb for preventative maintenance
and statistical process control. This, 1n turn, can minimize or
even eliminate down time to visually mnspect the UV bulb or
reflector, thus yielding more uptime of the system.

The microcontroller 104 may comprise any electrical
control apparatus configured to control one or more vari-
ables based upon one or more user inputs. Those user iputs
can be provided by the user through a user interface that can
be a keyboard, mouse and display, or touch screen, for
example. The microcontroller 104 can be implemented
using at least one processing unit selected from micropro-
cessors, micro-controllers, microcomputers, digital signal
processors, central processing units, field programmable
gate arrays, programmable logic devices, state machines,
logic circuits, analog circuits, digital circuits, and/or any
other devices that manipulate signals (analog and/or digital)
based on operational instructions that are stored 1n a
memory. The memory may be a single memory device or a
plurality of memory devices including but not limited to
random access memory (RAM), volatile memory, non-
volatile memory, static random access memory (SRAM),
dynamic random access memory (DRAM), flash memory,
cache memory, and/or any other device capable of storing
digital information. The microcontroller 104 may have a
mass storage device that may include one or more hard disk
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drives, floppy or other removable disk drives, direct access
storage devices (DASD), optical dnives (e.g., a CD drive, a
DVD drive, etc.), and/or tape drives, among others.

The processing unit of the microcontroller 104 operates
under the control of an operating system, and executes or
otherwise relies upon computer program code embodied 1n
various computer software applications, components, pro-
grams, objects, modules, data structures, etc. The computer
program code residing in memory and stored in the mass
storage device also includes control program code that,
when executing on the processing unit of the microcontroller
104, performs the process tlows shown 1n FIGS. 6 and 7. The
computer program code typically comprises one or more
instructions that are resident at various times in memory, and
that, when read and executed by the processing unit, causes
the microcontroller 104 to perform the steps necessary to
execute steps or elements embodying the various embodi-
ments and aspects of the mvention.

Various program code described herein may be identified
based upon the application within which 1t 1s implemented
in a specilic embodiment of the invention. However, it
should be appreciated that any particular program nomen-
clature that follows 1s used merely for convenience, and thus
the mvention should not be limited to use solely 1 any
specific application identified and/or implied by such
nomenclature. Furthermore, given the typically endless
number of manners in which computer programs may be
organized into routines, procedures, methods, modules,
objects, and the like, as well as the various manners 1n which
program functionality may be allocated among various
software layers that are resident within a typical computer
(e.g., operating systems, libraries, API’s, applications, app-
lets, etc.), 1t should be appreciated that the mvention 1s not
limited to the specific organization and allocation of pro-
gram functionality described herein.

A person having ordinary skill in the art will recognize
that the environments illustrated in FIGS. 1-5 are not
intended to limit the scope of embodiments of the invention.
In particular, the light source may include fewer or addi-
tional components consistent with alternative embodiments
of the mmvention. Indeed, a person having skill in the art will
recognize that other alternative hardware and/or software
environments may be used without departing from the scope
of the invention. For example, the light source may include
more or fewer UV 1ntensity sensors and/or shutters, as well
as diferently shaped retlectors.

Additionally, the routines executed to implement the
embodiments of the imnvention, whether implemented as part
ol an operating system or a specific application, component,
program, object, module or sequence ol 1nstructions
executed by one or more control systems or microcontrollers
have been referred to herein as a “sequence of operations,”
a “program product,” or, more simply, “program code.” The
program code typically comprises one or more instructions
that are resident at various times in various memory and
storage devices 1n a light source and that, when read and
executed by one or more control systems or microcon-
trollers, cause that light source 10 to perform the steps
necessary to execute steps, elements, and/or blocks embody-
ing the various aspects of the invention.

While embodiments of the invention have been described
in the context of fully functioning light sources, those skilled
in the art will appreciate that the various embodiments of the
invention are capable of being distributed as a program
product 1n a variety of forms, and that the imnvention applies
equally regardless of the particular type of computer record-
able signal bearing media used to actually carry out the
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distribution. Examples of computer recordable signal bear-
ing media include but are not limited to physical and
tangible recordable type media such as volatile and non-
volatile memory devices, floppy and other removable disks,
hard disk drives, flash memory drives, and optical disks
(e.g., CD-ROM’s, DVD’s, Blu-Ray Discs, etc.), among
others.

In addition, various program code may be identified based
upon the application or software component within which 1t
1s 1mplemented 1n a specific embodiment of the invention.
However, it should be appreciated that any particular pro-
gram nomenclature 1s used merely for convemence, and thus
embodiments of the invention should not be limited to use
solely 1n any specific application identified and/or implied
by such nomenclature. Furthermore, given the typically
endless number of manners in which computer programs
may be organized into routines, procedures, methods, mod-
ules, objects, and the like, as well as the various manners in
which program functionality may be allocated among vari-
ous soltware layers that are resident within a typical com-
puter (e.g., operating systems, libraries, APIs, applications,
applets, etc.), 1t should be appreciated that the invention 1s
not limited to the specific organization and allocation of
program

Furthermore, while embodiments of the invention has
been 1llustrated by a description of the various embodiments
and the examples, and while these embodiments have been
described 1n considerable detail, 1t 1s not the intention of the
applicants to restrict or 1in any way limit the scope of the
appended claims to such detail. Additional advantages and
modifications will readily appear to those skilled in the art.
Thus, the invention in 1ts broader aspects 1s therefore not
limited to the specific details, apparatuses, and/or methods
shown and described. In particular, a person having ordinary
skill 1n the art will appreciate that any of the blocks of the
above flowcharts may be deleted, augmented, made to be
simultaneous with another, combined, or be otherwise
altered 1n accordance with the principles of the embodiments
of the invention. Accordingly, departures may be made from
such details without departing from the spirit or scope of
applicants’ general 1nventive concept.

What 1s claimed 1s:

1. An apparatus for generating ultraviolet light, the appa-
ratus comprising:

a chamber:;

a plasma lamp bulb 1nside said chamber;

a microwave generator operable to generate a microwave
energy field to excite said plasma lamp bulb to emait the
ultraviolet light;

a sensor inside said chamber and configured to measure
an intensity of the ultraviolet light; and

a reflector mside said chamber and positioned between
said plasma lamp bulb and said sensor, said reflector
operable to reflect the ultraviolet light generated by said
plasma light bulb and to transmit a portion of the
ultraviolet light through said reflector to said sensor.

2. The apparatus of claim 1, further comprising:

a control system configured to control emission of the
ultraviolet light, said control system configured to
receive a target intensity for the ultraviolet light, deter-
mine the measured intensity of the ultraviolet light
from said sensor, evaluate whether the target intensity
corresponds to the measured intensity, and adjust
power to said microwave generator to adjust the inten-
sity of the ultraviolet light.

3. The apparatus of claim 2, wherein said control system

1s further configured to increase the power to said micro-
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wave generator when the target intensity of the ultraviolet
light 1s higher than the measured intensity of the ultraviolet
light.

4. The apparatus of claim 2, wherein said control system
1s further configured to decrease the power to said micro-
wave generator when the target intensity of the ultraviolet
light 1s lower than the measured 1ntensity of the ultraviolet
light.
5. The apparatus of claim 2, further comprising:

a shutter positioned between said sensor and said reflec-
tor, said shutter configured to substantially block ultra-
violet light from at least a portion of said sensor.

6. The apparatus of claim 5, wherein said control system
1s further configured to operate said shutter to at least
partially expose said portion of said sensor to the ultraviolet
light.

7. The apparatus of claim 2, wherein said control system
includes a display, and said control system 1s further con-
figured to indicate the measured intensity of the ultraviolet
light on said display.

8. The apparatus of claim 2, wherein said control system
includes a display, and said control system 1s further con-
figured to determine a variation in at least one of said plasma
lamp bulb, said reflector, or said microwave generator and
indicate the varnation on said display.

9. The apparatus of claim 1, wherein said sensor measures
the intensity of the ultraviolet light through a thickness of
said reflector.

10. The apparatus of claim 9, wherein said reflector
includes a dichroic coating, and said sensor measures the
intensity of the ultraviolet light transmitted through said
dichroic coating.

11. The apparatus of claim 9, wherein said reflector
includes a dichroic coating with a first portion of a {first
thickness and a second portion of a second thickness, and
said sensor measures the intensity of the ultraviolet light
transmitted through said second portion of said dichroic
coating.

12. The apparatus of claim 9, wheremn said reflector
includes dichroic coating and a portion of said reflector lacks
said dichroic coating, and said sensor measures the intensity
of the ultraviolet light transmitted through said portion of
said reflector.

13. The apparatus of claim 1, wherein said reflector
includes an opening extending through a thickness of said
reflector, and said sensor 1s configured to measure the
intensity of the ultraviolet light transmitted through said
opening.

14. The apparatus of claim 1, further comprising:

a shutter positioned between said sensor and said reflec-
tor, said shutter configured to substantially block the
ultraviolet light from at least a portion of said sensor
when closed.

15. A method of controlling a lamp system that produces

ultraviolet light, comprising:
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generating the ultraviolet light with a plasma lamp bulb
located 1nside a chamber;

reflecting the ultraviolet light with a reflector inside the
chamber;

recetving a target intensity for the ultraviolet light;

transmitting a portion of the ultraviolet light through the
reflector to a sensor 1nside the chamber;

measuring an intensity of the ultraviolet light using the
SeNnsor;

comparing the target intensity with the measured inten-
sity; and

adjusting power to a microwave generator in response to
the comparison to adjust the intensity of the ultraviolet

light.

16. The method of claim 15, wherein adjusting the power
COmMprises:

1 the target intensity of the ultraviolet light 1s higher than
the measured intensity of the ultraviolet light, increas-
ing the power to the microwave generator.

17. The method of claim 15, wherein adjusting the power

COmprises:

11 the target intensity of the ultraviolet light 1s lower than
the measured intensity of the ultraviolet light, decreas-
ing the power to the microwave generator.

18. The method of claam 15, wherein measuring the

intensity of the ultraviolet light using the sensor comprises:
operating a shutter associated with the sensor to at least
partially expose a portion of the sensor; and
capturing an indication of the measured intensity of the
ultraviolet light from the sensor.

19. The method of claim 15, wherein measuring the
intensity of the ultraviolet light using the sensor comprises:

operating the shutter to block the portion of the sensor
from exposure to the ultraviolet light.

20. The method of claim 15, further comprising;

indicating the measured intensity of the ultraviolet light
on a display.

21. The method of claim 15, further comprising;

determining a variation 1n at least one of the plasma lamp
bulb, the reflector, or a magnetron configured to pro-
vide microwave energy used to excite the plasma lamp
bulb to generate the ultraviolet light; and

indicating the variation on a display.

22. The method of claam 135, wherein measuring the
intensity of the ultraviolet light using the sensor further
COmMprises:

transmitting the ultraviolet light through a dichroic coat-
ing on the portion of the reflector.

23. The method of claim 135, wherein measuring the
intensity of the ultraviolet light using the sensor further
COmprises:

transmitting the ultraviolet light through an opening 1n the
reflector to the sensor.
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